A glasshouse study was undertaken to determine the physiological and morphological changes in cocksfoot (Dactylis glomerata L.) during regrowth after defoliation. Individual plants were arranged in a mini-sward in a randomized complete block design. Treatments involved harvesting each time one new leaf had expanded (one-leaf stage), up to the six-leaf stage, with the plants separated into leaf, stubble (tiller bases) and roots. Stubble and root water-soluble carbohydrate (WSC), stubble and leaf dry matter (DM), tiller number per plant and leaf quality (crude protein (CP), estimated metabolizable energy (ME) and mineral content) were measured to develop optimal defoliation management of cocksfoot-based pastures. WSC concentration in stubble and roots was highest at the five-and six-leaf stages. Mean WSC concentration (g kg )1 DM) was greater in stubble than roots (32AE7 ± 5AE9 vs. 9AE4 ± 1AE5 respectively). There was a strong positive linear relationship between plant WSC concentration and leaf DM, root DM and tillers per plant after defoliation (Adj R 2 ¼ 0AE72, 0AE88 and 0AE95 respectively). Root DM plant )1 and tiller DM tiller )1 decreased immediately following defoliation and remained low until the three-leaf stage, then increased from the four-leaf stage. Tillers per plant remained stable until the four-leaf stage, after which they increased (from 9AE9 ± 0AE5 to 15AE7 ± 1AE0 tillers plant )1 ). Estimated metabolizable energy concentration (MJ kg )1 DM) was significantly lower at the six-leaf stage (11AE01 ± 0AE06) than at any previous leaf regrowth stage, whereas CP concentration (g kg )1 DM) decreased with regrowth to the six-leaf stage. Both the levels of ME and CP concentrations were indicative of a high quality forage throughout regrowth (11AE37 ± 0AE04 and 279 ± 8AE0 for ME and CP respectively). Results from this study give a basis for determining appropriate criteria for grazing cocksfootbased pastures. The optimal defoliation interval for cocksfoot appears to be between the four-and five-leaf stages of regrowth. Delaying defoliation to the four-leaf stage allows time for replenishment of WSC reserves, resumption of root growth and an increase in tillering, and is before herbage is lost and quality falls due to onset of leaf senescence.
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Introduction
Perennial ryegrass (Lolium perenne L.) is the dominant pasture species in southern dairy regions of Australia, although other pasture grasses, namely cocksfoot (Dactylis glomerata L.), tall fescue (Festuca arundinacea Schreb.) and phalaris (Phalaris aquatica L.) are also sown. Use of these other pasture grasses has not become widespread, mainly owing to perceived lower feed quality when compared with perennial ryegrass (Johnson and Thomson, 1996) and a paucity of information regarding their management requirements. However, recent research undertaken in Victoria by Avery et al. (1999) , and in South Australia by Mitchell (1997) , showed that under appropriate grazing and fertilizer management, phalaris-based pastures were of similar quality to perennial ryegrass pastures, with metabolizable energy (ME) concentrations in excess of 11AE5 MJ per kg dry matter (DM). Mitchell (1997) also found cocksfoot pastures to be of a high quality with similar ME values to phalaris and ryegrass pastures. Thus, there appears to be substantial potential to utilize grazing management to attain high production and good quality from these temperate grasses as alternates to ryegrass. In this regard, Fulkerson and Donaghy (2001) recently reviewed research undertaken in Australia on the use of leaf regrowth stage as a criterion for determining grazing management strategies for perennial ryegrass. These grazing management strategies are based on physiological changes in perennial ryegrass after defoliation. The optimum grazing interval for perennial ryegrass is the time taken to regrow two to three leaves tiller )1 . Before the two-leaf stage of regrowth (two new leaves fully expanded per tiller), water-soluble carbohydrate (WSC) reserves, which are depleted immediately after defoliation, have not been sufficiently replenished, and redefoliation at this stage reduces leaf regrowth, tillering and root growth . In addition to the changes in stubble WSC concentration during regrowth, there may be an imbalance in herbage mineral levels and the ratio of soluble carbohydrates to protein . The three-leaf stage is considered the maximum defoliation interval, as after this stage, leaf senescence and an increase in fibre concentration lead to increased rejection of herbage by grazing stock and hence wastage of pasture (Fulkerson and Donaghy, 2001) . Mitchell (1997) noted that cocksfoot produced four live leaves tiller )1 before the oldest leaf began to senesce, and the four-leaf stage of regrowth may represent an upper limit to grazing interval for cocksfoot, just as the three-leaf stage does in perennial ryegrass. The aim of the present study was to investigate morphological and physiological changes of cocksfoot during regrowth to establish a basis for optimum defoliation management of cocksfoot-based pastures, based on growth, persistence and forage quality. (»10 weeks from sowing). Throughout the experiment, the leaf appearance interval (time to emergence of one new leaf) was found to be around 14 d (204 daydegrees).
Materials and methods

Experimental design
A randomized complete block design was used. In total, 301 cocksfoot plants were arranged in forty-three by seven rows and separated into five blocks. Within each block, rows were randomized into seven treatments, consisting of one harvest at defoliation and six sequential harvests when each new leaf had regrown, up to the six-leaf stage.
Each treatment involved destructively harvesting the plants by defoliating to a height of 50 mm. Plant material above this height was termed 'leaf', below this to ground level was termed 'stubble' and below ground level was termed 'root'.
Determination of leaf regrowth stage
Each leaf regrowth stage was defined as the time taken for the production of one fully expanded leaf per tiller, as it is with ryegrass (Fulkerson and Donaghy, 2001 ). However, unlike ryegrass, it was observed that in cocksfoot a new leaf began to emerge at around 0AE75 of the full length of the previous leaf, such that two leaves were expanding at any given time. Thus, the production of one full leaf ('leaf stage') was estimated by the amount of growth of the current expanding leaf or leaves.
Determination of dry matter and tillers plant )1
Leaf material was dried at 65°C (for analysis of nitrogen (N) concentration) for at least 48 h and stubble and root material at 90°C for at least 24 h in a forced-draught oven. The number of tillers plant
was recorded after each defoliation. Dried leaf, stubble and root material were ground through a 1-mm sieve.
Sub-samples of 'leaf' material harvested from each treatment were sorted into live pseudostem and real stem, leaf sheath and dead material. These subsamples were taken from that time when senescence of the oldest leaf material was first observed (three-leaf stage) until the end of the study.
Water-soluble carbohydrate analysis of stubble and root
The concentration of WSC was determined by cold extraction of plant material in a reciprocal shaker for 1 h using 0AE2% benzoic acid-water solution, and the hydrolysation of the cold water carbohydrates to invert sugar by 1 mol l )1 HCl. This was heated at 90°C, and the sugar was dialyzed into an alkaline stream of potassium ferricyanide, again heated at 90°C, and then measured using an autoanalyzer (420 nm) (a modification of Technicon Industrial Method number 302-73A).
Leaf quality analysis
Digestibility of the leaf DM was determined by the method of Ayres (1991) using cattle ruminal fluid. ME concentration was estimated from the digestible dry matter content using the relationship:
The concentration of N in the leaves was determined using a microcolorimetric method following a Kjeldahl digest (Havilah et al., 1997) and the crude protein (CP) concentration calculated as N percentage · 6AE25; P and K concentrations were determined colorimetrically from Kjeldahl digests for N (John, 1970; AOAC, 1990, respectively) . The concentrations of the remaining minerals Na, Mg and Ca were determined using a 'wet-ashing' procedure and atomic absorption (Johnson and Ulrich, 1959) .
Statistical analyses
Differences between treatment (leaf regrowth stage) means for CP and ME concentrations were tested by 
Comparisons between treatment means for all variables measured were tested by least significant difference (LSD). Comparative differences between stubble and root WSC concentrations were measured using Student's t-test. Results are given in the text as the mean ± s.e. for n ¼ 35.
Regression (R 2 ) between WSC level and plant regrowth was tested using the statistical functions of
Results
Changes in stubble and root WSC with leaf regrowth At defoliation (leaf regrowth stage 0), the mean WSC concentration (g kg )1 DM) in the stubble was significantly greater (P < 0AE001) than in the roots (Figure 1 ). Following defoliation, there was a slight and insignificant decline (P > 0AE05) in stubble, but not root, WSC concentrations, so that there was no significant difference (P > 0AE05) between concentrations in stubble or roots from the one-to the fourleaf stage. After the four-leaf stage there was a significant (P < 0AE05) increase in the WSC concentration of both the stubble and roots. At the five-and six-leaf stages, total WSC content in stubble (mg plant )1 and mg tiller )1 ) and roots (mg plant )1 ) was also significantly higher (P < 0AE05) than at any previous regrowth stage (Table 1 ).
Figure 1 Changes in stubble (n) and root (s) water-soluble carbohydrate (WSC) (g kg )1 DM) concentration with regrowth of cocksfoot after defoliation. Least significant differences (LSD) (P ¼ 0AE05) are shown as vertical bars.
Relationship between plant WSC levels and regrowth
There was a close positive linear relationship between leaf and root DM produced at each leaf regrowth stage and stubble WSC content (mg tiller )1 ) at the same time, whereas a similar relationship existed between tiller plant )1 and root WSC concentration (g kg )1 DM), as follows:
There were weaker positive relationships between leaf and root DM and root WSC concentration (g kg )1 DM) (Adj R 2 ¼ 0AE53 and 0AE67 respectively).
Changes in tiller plant -1 with regrowth
Before defoliation, there were 9AE9 ± 0AE5 tillers plant
and this remained relatively stable (P > 0AE05) until after the four-leaf stage, when tiller numbers significantly increased (P < 0AE05) to 15AE7 ± 1AE0 and 16AE2 ± 1AE0 tillers plant )1 at the five-and six-leaf stages of regrowth respectively.
Changes in dry matter with regrowth
There was a significant decline (P < 0AE05) in stubble DM (mg tiller )1 ) from defoliation until the three-leaf stage, followed by a steady and significant rise (P < 0AE05) with regrowth from the four-to the six-leaf stage (Table 2) . Root DM plant )1 initially decreased following defoliation (P < 0AE05) until the three-to four-leaf stage, and then significantly increased (P < 0AE05) at the five-and six-leaf stages (Table 2 ). After defoliation there was a constant and significant linear increase (P < 0AE05) in leaf DM with regrowth (Table 2) . Leaf senescence commenced at the three-leaf stage, with 0AE04 of leaf DM senescent, increasing to 0AE11 at the four-and five-leaf stages, and to 0AE15 at the six-leaf stage (Figure 2 ).
There was a significant decrease (P < 0AE05) in the top (leaf plus stubble) to root ratio (DM in mg plant )1 ) to the one-leaf stage, then a steady increase (P < 0AE05) to the predefoliation value with regrowth to the four-leaf stage (Table 2) .
Changes in leaf quality with regrowth
The ME concentration of the leaf did not change significantly (P > 0AE05) with regrowth to the five-leaf stage, but was significantly lower (P < 0AE05) at the sixleaf stage (Figure 2 ). There was a constant and significant decrease (P < 0AE05) in leaf CP concentration after defoliation (Table 3) . The concentration of Ca in the leaf at the five-and six-leaf stages was significantly higher (P < 0AE05) than at any previous regrowth stage and was significantly higher (P < 0AE05) at leaf regrowth stage 6 than at leaf regrowth stage 5 (Table 3 ). There was a significant decline (P < 0AE05) in the Mg and P concentrations of herbage with regrowth, but a significant rise (P < 0AE05) in the Ca:P ratio (Table 3) . There was no discernible pattern of change in the concentrations (g kg )1 DM) of Na or K with means of 4AE8 ± 0AE2 and 53AE8 ± 1AE0, respectively, or the K:(Ca + Mg) ratio (2AE52 ± 0AE07) with leaf regrowth.
Discussion
The current study presents quantitative evidence to indicate that the optimum defoliation interval for growth, persistence and forage quality of cocksfoot coincides with regrowth of four to five leaves tiller )1 . At this stage of regrowth, an accumulation of WSC reserves coincided with a resumption of tillering and root growth. Feed quality was also optimal, with concentration of other nutrients, except P, increasing. Both the total amount of WSC and the level of replenishment following defoliation were greater in the stubble than in the root system, confirming that, as in ryegrass (Danckwerts and Gordon, 1987; Fulkerson and Slack, 1994) , the stubble is the major storage site for WSC in cocksfoot (Baker and Garwood, 1961; Davidson and Milthorpe, 1966a) . However, it was not until after the four-leaf stage of regrowth that WSC levels increased significantly in both the stubble and the roots, indicating that this is the physiological stage of regrowth at which WSC supply from photosynthesis exceeds growth and respiration (Davidson and Milthorpe, 1966a; White, 1973) . In perennial ryegrass, studies have shown a consistent and significant decrease in subsequent regrowth if plants are defoliated before the two-leaf stage (Fulkerson and Slack, 1994; Fulkerson and Donaghy, 2001) , and this sets the minimum defoliation interval from a practical grazing management perspective (Fulkerson and Donaghy, 2001) .
The strong positive linear relationship between WSC concentration and regrowth capacity in the present study confirms that WSC reserves are linearly related to regrowth up to a maximum regrowth stage and that these WSC reserves play an important role in regrowth of the plant following defoliation. The importance of WSC reserves in regrowth capacity has been reported previously in studies with cocksfoot (Ward and Blaser, 1961; Davidson and Milthorpe, 1966a) , perennial ryegrass (Alberda, 1957; Davies, 1965; Physiology and feed quality of cocksfoot during regrowth 207 Slack, 1994; 1995; , tall fescue (Booysen and Nelson, 1975; Volenec, 1986) and timothy (Phleum pratense L.) (Smith, 1974) , although the period of reliance of plants on reserves appears to be limited to several days postdefoliation in both perennial ryegrass (Grant et al., 1981; Danckwerts and Gordon, 1987; Fulkerson and Slack, 1994; de Visser et al., 1997; Schnyder and de Visser, 1999) and cocksfoot (Davidson and Milthorpe, 1966a; b) .
The closer correlation between regrowth of leaves and roots and stubble content of WSC (mg tiller )1 ) than stubble WSC concentration (g kg )1 DM), has previously been reported in perennial ryegrass (Fulkerson and Slack, 1995; and indicates that the regenerative capacity of cocksfoot after defoliation is best expressed by the total amount of WSC in the tiller, rather than WSC concentration. Thus, the regenerative capacity of cocksfoot is not only correlated to the WSC content but also to the size of the storage organ. In comparison with perennial ryegrass, cocksfoot tillers are larger (Brock et al., 1996) , so for a given WSC concentration, there may be a significantly higher WSC content (mg tiller )1 ) in cocksfoot.
The sequence of regrowth events in the current study indicates that a priority in allocation of WSC reserves exists after defoliation, and is almost identical to that found for perennial ryegrass by Donaghy and Fulkerson (1998) . In a time sequence, leaf regrowth assumes the highest priority, as evidenced by immediate extension of leaves in all plants, followed by commencement of root regrowth and daughter tiller initiation, and this is coincidental with a build-up of WSC reserves and onset of leaf senescence after the four-leaf stage (56 days from defoliation in the current study). Thus, in comparing physiological changes during regrowth of cocksfoot with perennial ryegrass, the four-to five-leaf stage of regrowth in cocksfoot appears to correspond with the two-to three-leaf stage in perennial ryegrass.
The observation that a low WSC status is associated with increased tiller mortality in cocksfoot (Volaire, 1995) , perennial ryegrass (Alberda, 1957; Colvill and Marshall, 1984; Donaghy and Fulkerson, 1998) and timothy (Colby et al., 1974) indicates that daughter tillers assume a lower priority for WSC allocation when WSC concentrations are reduced (e.g. by defoliation or low light levels). As perenniality of grasses depends on their capacity to replace dying tillers (Colvill and Marshall, 1984; Marshall, 1987) , results from the current study suggest that repeated defoliation of cocksfoot before the four-leaf stage would limit tillering through depletion of WSC reserves and therefore limit the long-term survival of the plant.
Defoliation decreased root DM by one-third during the time taken to regrow one new leaf, and this reduction in root growth following defoliation has been reported previously in cocksfoot (Jacques and Edmond, 1952; Davidson and Milthorpe, 1966b; Evans, 1973) and perennial ryegrass (Jacques and Edmond, 1952; Evans, 1971; 1972; Fulkerson et al., 1993; . Although no significant increase in root DM was measured before the four-leaf regrowth stage in the current study, it is possible that root elongation had begun but this did not immediately translate to an increase in root DM. This has previously been observed in a glasshouse study with perennial ryegrass (Donaghy and Fulkerson, 1998) . The longer time period to root regrowth in the current study (between the four-and five-leaf stages) compared with ryegrass (one-leaf to 1AE5-leaf stages) (Fulkerson and Slack, 1994; Donaghy and Fulkerson, 1998) could be due to lower WSC concentrations in cocksfoot, and this supports the finding by Evans (1972) and Donaghy and Fulkerson (1998) that root regrowth is extremely sensitive to changes in WSC concentration. Any factor that retards root growth has a carry-over effect on the rest of the growth of the plants, due to restriction in uptake of water and nutrients (Davidson and Milthorpe, 1966b; Clement et al., 1978) and may further impact on plant survival. Thus, it is suggested that repeated defoliation of cocksfoot before the four-leaf regrowth stage would limit root growth and, as with tillering, impact upon plant survival.
The ME value of cocksfoot remained high during regrowth, and is at variance with previous results reported by Johnson and Thomson (1996) in New Zealand, where the ME value of cocksfoot pasture was 8AE1 MJ kg )1 DM. However, it is unclear what the regrowth stage of cocksfoot was in that study, as grazing interval was based on pasture mass. It is possible that cocksfoot may have been beyond the five-leaf stage of regrowth, in which case increased stem and dead material would combine to reduce the ME concentration. In the present study, the ME value was significantly lower at the six-leaf stage than previously (11AE01 MJ kg )1 DM vs. 11AE43 MJ kg )1 DM respectively), and this was associated with an increase in the amount of senescent leaf material as well as a build-up of stem material. However, this coincided with a 0AE23 increase in leaf DM, such that in a grazing situation, total ME output (MJ ha )1 ) would be substantially greater at the longer regrowth interval, although the dead material and stem could cause rejection of herbage by stock. The decrease in CP concentration with regrowth was expected, as there is an inverse relationship between CP concentration and forage age, due in part to an increase in the stem:leaf ratio and also increased concentrations of WSC (Beever et al., 2000) . Fulkerson et al. (1998) also reported a decline in CP concentration during regrowth of perennial ryegrass ⁄ white clover pastures in the subtropics, whereas Wilman et al. (1994) reported a decrease in N concentration with increased maturity of perennial ryegrass leaf blades. It is interesting to note that even at the six-leaf stage, CP concentrations were in excess of the requirements for a 600-kg Friesian cow producing 20 l of milk (NRC, 1989) ; it is possible that the regime of fertilizer application in the current study was in excess of the requirements of the plant, as N and K are two minerals that the plants can take up in 'luxury' amounts. Application of N fertilizer has been shown to increase substantially the N concentration in ryegrass (Fairey, 1985; McGrath, 1992; Leon et al., 1995) , which would explain the high levels in the present study.
Excessive soil nutrients and consequent increased growth would also explain the low WSC concentrations (20 g kg )1 DM before defoliation), when compared with other studies with cocksfoot (Davidson and Milthorpe, 1966a; Auda et al., 1966; Volaire and Thomas, 1995; Volaire and Gandoin, 1996) . Application of N fertilizer initially lowers WSC concentration in grasses (Carroll, 1943; Sprague and Sullivan, 1950; Alberda, 1965; Auda et al., 1966; Smith and Jewiss, 1966; McGrath, 1992) , probably through stimulating new growth and hence use of WSC (Auda et al., 1966; White, 1973) . The increase in the concentration of Ca in the leaf and the decrease in the concentration of P in the leaf with duration of regrowth has been reported previously in perennial ryegrass (Wilman et al., 1994; Fulkerson et al., 1998) and white clover (Wilman et al., 1994) , and led to a 2AE5-fold increase in the ratio of Ca:P concentration in the leaf from the one-to the six-leaf stage, although only at the six-leaf stage did the ratio of Ca:P concentration in the leaf approach the ratio of 1AE6 recommended by NRC (1989) for a 600-kg cow producing 20 l of milk day )1 . The decrease in the concentration of Mg in the leaf and the lack of significant change in the concentrations of K or Na in the leaf with regrowth stage is in contrast to the studies in perennial ryegrass (Wilman et al., 1994; Fulkerson et al., 1998; Fulkerson and Donaghy, 2001) , where Mg and Na concentrations increased and K concentrations decreased with duration of regrowth. Again, a possible explanation for this is that plants in the present study were over-supplied with nutrients, as high levels of K uptake interfere with uptake of Ca (Marschner, 1997) . In support of this, the concentration of K (g kg )1 DM) at all regrowth stages is considered high (Kelling and Matocha, 1990 ) and the concentration of Ca is less than adequate for optimum plant growth (Bergmann, 1992) .
It is concluded that a defoliation interval coinciding with regrowth of four to five leaves per tiller will allow adequate time for cocksfoot to replenish WSC reserves, allows resumption of root growth and initiation of tillering, and is before onset of leaf senescence and the consequent ensuing wastage of herbage and lowered quality. These results are consistent with previous studies with perennial ryegrass, in that the tiller base is the major storage organ for WSC (Fulkerson and Slack, 1994) , regrowth of leaves assumes the highest priority for WSC reserves followed by root growth and resumption of tillering, which coincide with replenishment of WSC in the stubble (Donaghy and Fulkerson, 1998) .
